A series of four Ni catalysts supported on SBA-15 and on a high SiO 2 surface area have been prepared by modified impregnation (ImU) and deposition-precipitation The Ni/SBA-15-DP catalyst was found the most stable and performing system, with a very low level of carbon deposition, about an order of magnitude lower than the equivalent ImU catalyst. This outstanding performance comes from the confinement of small and homogeneous nickel particles in the mesoporous channels of SBA-15, which, in strong interaction with the support, are resistant to sintering and coke deposition during the demanding reaction conditions of DRM.
Introduction
Heterogeneous supported nickel catalysts have received a considerable attention in the last decades. [1] [2] [3] [4] Although well known as the main catalytic system for the industrial steam reforming of hydrocarbons, 5-7 they are also important in other many catalytic reactions, both in well-established industrial processes as others being currently developed. Among the latter, the dry reforming of methane (DRM) using CO 2 as reactive has been extensively studied in the last years, especially after the recent and fast development of new gas natural extraction methodologies, such as the fracking processes. 8, 9 As this greenhouse gas is often contained in natural gas fields, the DRM process consumes CO 2 while avoiding its emission to the atmosphere. [10] [11] [12] It is well known that this methane reaction proceeds on catalytic sites of the nickel metallic particles. 13 However, there are many known factors affecting the catalytic performance, mainly particle size and interaction with support surface. [13] [14] [15] [16] [17] [18] [19] Also, deposition of carbon over the catalyst, one of the main causes of deactivation, is extremely depending on the nickel particle properties and the interaction with the support. [20] [21] [22] [23] [24] [25] In this sense, the use of mesoporous supports has been proposed as good alternative for the improvement of catalytic performance. 26, 27 Typically presenting a very high surface area and a variable size of the porosity, 28 these kind of materials could also play a role controlling the size of the metallic particles. Its location on the external surface of these supports or in their internal mesoporosity affects the shape and size of the metal particles, thus modifying the catalytic performance. 29 The mesostructured silica SBA-15 has a high internal area, consisting on hexagonal pores with a mean diameter from 5 nm and framework walls of about 3-6 nm, presenting a remarkable hydrothermal and mechanical stability. 28 Considering the harsh reaction conditions needed for the DRM process, these characteristics make the described below. In both cases, we have used two different preparation methodologies: an impregnation procedure (Ni/SiO 2 -ImU and Ni/SBA-15-ImU samples) and a deposition-precipitation method (Ni/SiO 2 -DP and Ni/SBA-15-DP samples). While the former is a well known method used for decades, the deposition-deposition precipitation one, although also currently well known, is relatively new and has been extensively used for preparing catalysts for DRM reaction. [31] [32] [33] In this way, we have succeeded to get systems with nickel particles located on the outer surface of the support nanoparticles, but also dispersed within the mesoporous surface of both supports. By using simultaneously two in situ spectroscopy techniques, one of them bulk sensitive (XAS) and the other one surface sensitive (XPS), we have been able to discriminate nickel phases in different locations; a NiO phase supported in the external surface, easily reducible and with a low interaction with the supports, and a second oxidized nickel phase located in the internal mesoporous structure which always interacts more strongly with the support, as reflected on their higher reduction temperature. These features have allowed us to correlate each nickel phase with the different behaviours under reaction conditions. The best catalytic performance has been obtained when the nickel particles are located in the mesoporous of the SBA-15 support.
Experimental

Catalysts preparation
A high surface area SiO 2 powder (Sigma-Aldrich, CAS: 112926-00-8) and a synthesized SBA-15 were used as supports. The mesoporous silica SBA-15 was prepared according to a method previously described in the literature, 34 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 = 2.18°). The data acquisition was carried out in a 2θ range of 10-80°, a step of 0.05° and an acquisition time of 240 s, with a total adquisition time of 43 minutes.
Temperature Programmed Reduction (TPR)
The temperature-programmed reduction profiles were obtained using a thermal conductivity detector based in a Wheatstone bridge previously calibrated using commercial CuO. A 5%H 2 /Ar calibrated mix was used as both carrier and reference gas (flow rate of 50 mL/min). An amount of sample that would consume approximately 100 μmol of H 2 was used for the experiment. Typically, the experiment was carried out from RT up to 900 o C using a heating ramp of 10 o C/min. All the experimental conditions were chosen to ensure that no peak coalescence occurred. 37 
Transmission Electronic Microscopy (TEM)
TEM images were obtained in a Philips CM200 microscope operating at 200 kV.
Samples were dispersed on ethanol and deposited onto a copper grid coated with a lacey carbon film. Histograms for particle size distribution were obtained by sampling 150 particles.
X-ray absorption spectroscopy (XAS)
XAS (EXAFS and XANES regions) were recorded at the BL22 beamline (CLAESS) of ALBA synchrotron and the BM25A beamline (SPLINE) of ESRF synchrotron facilities.
An optimum weight of sample to maximize the signal/noise ratio in the ionization chambers were pelletized through a hydraulic press of 13 mm at 3 tons and analysed in transmission mode in a multipurpose "in situ" cell for gas-solid reactions. XAS spectra were collected at different temperatures during treatments of the samples in 5%H 2 /Ar flow (50 mL/min). A standard Ni-foil was measured and used for energy calibration. XAS spectra of Ni K-edge were recorded from 8200 to 9200 eV, with a step 21 microGC equipped with three micro-columns, two molecular sieves, one of them using argon as carrier gas to detect H 2 , and the second to detect methane and carbon monoxide with helium as carrier gas. The third was a polar column to analyse carbon dioxide and water. Each column was equipped with a TCD detector. The conversion and selectivities were calculated using the following equations: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 were evaluated online using the SDT Q600 software.
Catalytic activity tests
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Results and discussion
Physical and chemical characterization of calcined systems
After the calcination treatment of the freshly prepared samples, they were submitted to a characterization study by N 2 adsorption analysis (BET, BJH), XRD, TEM, XAS and XPS. The adsorption isotherms obtained for all the systems were type-IV, typical for mesoporous materials. However, as reflected in Table 1 The images obtained by TEM, as those included in Figure 1 , show important differences between the four calcined systems. Both DP samples (labels a-b) seem to present the characteristic "fibrous" microstructures of nickel phyllosilicate phase, 40, 41 overlapped with the porous structure of the SBA-15 and the SiO 2 , respectively. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Si contribution for the phyllosilicate in the Ni/SBA-15-DP catalyst. 43, 44 Finally, the XPS data have shed additional light on the physical and chemical state of these calcined catalysts. As pointed out in Figure 4 , XPS show different position for the main peak of calcined DP and ImU samples, 856.6 eV and 855.1 eV respectively, which can again be ascribed to the presence of, respectively, nickel phyllosilicate and NiO phases. 44, 45 It is also interesting to remark on the intensity differences (Table 1) depending on the support (SiO 2 or SBA-15) and on the preparation method (ImU or DP). These intensities are about an order of magnitude higher for both Ni supported DP systems, which must be related to a better dispersion of the nickel oxidized phase over the supports, as reflected in Table 1 . It is also interesting to note that Ni/SiO 2 -ImU signal is more intense than the equivalent Ni/SBA-15-ImU catalyst, once again in agreement with the crystallite sizes of the nickel oxide particles in the calcined samples determined by XRD (Table 1) . As the XRD diagram of these samples (Figure 2) showed that only NiO is present in both ImU catalysts, these two peaks must correspond to two different NiO phases coexisting within the catalysts with different degrees of interaction with the supports.
The first one, reducing at lower temperature, seems to be similar to massive NiO. The second one, with a higher reduction temperature, must correspond to a NiO phase interacting more strongly with the supports. 46 The observed differences in the TPR profiles of both ImU samples can be related with the slightly different particle size ranges (Table 1 ), but also considering that particles with similar size present a stronger interaction when located inside the mesoporous channel of SBA-15 support. The results of these reduction processes are reflected both in the XRD diagrams of Figure 2 and the TEM images of Figure 6 . Both DP samples generate small and homogeneous nickel particles of about 4-6 nm ( Table 1 , calculated from Scherrer formula and Figure   7 evaluated from TEM images). It is worth to note that in Ni/SBA-15-DP, many nickel particles seem to be aligned with the mesoporous channels of support, but also encapsulated in a phase of amorphous appearance, which must come from the partial solution of SBA-15 during the deposition-precipitation process. 45, 47 The state of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 completely reduced nickel phase. 17 Using the XANES spectra of an oxidized and metallic references, a linear combination procedure of the XANES spectra obtained after treatment with hydrogen at 500 o C has allowed us to estimate a reduction percentage of 90% for this ImU sample ( Table 2) . As shown in Figure 9 , where these reduction temperatures are tagged in the TPR profiles, overall these results are as By EXAFS spectrum fitting analysis of the totally reduced Ni/SBA-15-ImU catalyst, a value of 11.6 has been obtained for the Ni-Ni coordination number (CN), close to the value 12 of bulk nickel, which is also compatible with particles larger than 10 nm in diameter, as previously obtained by Scherrer and TEM images ( Table 1 ).
The behaviour of the Ni/SBA-15-DP catalyst is drastically different. As shown in Although a similar XAS study over both Ni/SiO 2 samples has not been done because of beam time availability, considering the previous TPR and XRD results exhibit above, a similar behaviour to the Ni/SBA-15 catalysts could be expected for these two catalysts.
As previously shown for DP samples, 48 the characterization of reduction processes by in situ XPS gives seemingly contradictory results. Figure 11 includes the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In summary, these results so far presented allowed us to assign each TPR contribution to different kind of oxidized nickel phases located in different positions in the four catalysts prepared with the SBA-15 and SiO 2 mesoporous supports.
Catalytic studies
The four catalytic systems were tested in the dry reforming reaction of methane (DRM). As shown in Figure 12 , the catalytic performances differ drastically depending on the support and the preparation method. It is worth pointing out the excellent performance, both in activity and stability, of Ni/SBA-15-DP after 40 hours under this harsh reaction conditions (undiluted mixture of methane and CO 2 ). It can be observed that also the H 2 /CO ratio around 0.9 is constant during the whole period. The Considering that as will be show below, the nickel particle size of this catalyst increases during reaction, these findings seem to indicate that in our catalyst large particle sizes favours this RWGS reaction.
After 40 hours under reaction conditions, the catalyst presented the appearance showed in the TEM images of Figure 13 . Nickel particles have clearly increased their sizes in all catalysts with the exception of the Ni/SBA-15-DP catalyst.
This size stability, which should be related to the nickel particles confinement in the mesoporous channels of the SBA-15 support, must account for the noticeable stability in the catalytic performance. It is also worth mentioning that the bimodal catalytic behaviour of Ni/SiO 2 -DP can be explained considering that this catalyst contains 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 initially small nickel particles similar to those detected in the Ni/SBA-15-DP. During reaction, the size of these particles increases, now presenting a lower catalytic performance. It is also relevant to remark that no carbon deposits could be observed in the image of Ni/SiO 2 -ImU, which will be confirmed by the TG/DSC included below.
Thus, Figure 14 include the results from Thermogravimetric Analysis (TG) and Differential Scanning Calorimetry (DSC). As shown, while the Ni/SBA-15-ImU catalyst contains a higher amount of carbon than the DP which according to the TG/DSC, must correspond to a graphitic coke more difficult to oxidize. [49] [50] [51] [52] The Ni/SBA-15-DP presents a less amount of coke and a lower combustion temperature. On the other hand, the analogous Ni/SiO 2 samples present much less carbon, especially the impregnated one, which does not present carbon deposits at all. This surprising behaviour could be explained considering two different facts. First of all, this sample has a low methane conversion level, which implies that less amount of methane has been transformed.
The second factor could be the high activity of this sample in the RWGS reaction. As shown in figure 12 , the value of H 2 /CO=0.3 impies that an amount of water is also generated, which could contributed to the elimination of carbon through the steam reforming reaction of this carbon deposits. Also, it is especially relevant the quantification of carbon deposits in relation with the total volume of methane converted during the 40 hours period. This amount (Figure 14) is an order of magnitude smaller in both DP catalysts which together with the less harmful nature of its coke in the SBA-15 supported one, can explain the extremely stable catalytic behaviour of this catalyst, standing out from the other studied catalysts.
Conclusions
In this work, we have characterized a number of nickel catalysts using two combination of a number of techniques, especially in situ XPS and XAS, able to detect respectively, species exclusively located at the surface and at the bulk of the supports.
The interaction generated in this Ni/SBA-15-DP system between the nickel particles and the mesoporous channels of the SBA-15 support ensures a stable catalytic performance under the harsh reaction conditions of DRM, with no evident signs of sintering and a lower amount of coke deposits than the analogous ImU catalyst.. These conclusions are also reinforced considering the parallel evolution of catalytic performance and nickel particle size of the Ni/SiO 2 -DP catalyst during reaction: these are similar to the analogous SBA-15 catalyst during the initial stage of reaction, reaching after 40 hours under DRM reaction a size and catalytic behavior closer to that of both ImU catalysts . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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